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ABSTRACT 
Most engineers may agree that an optimum design of a particular structure is a proposal 
that minimizes costs without compromising resistance, serviceability and aesthetics. Additionally 
to these conditions, the theory and application of the method that produces such an efficient 
design must be easy and fast to apply at the structural engineering offices.  
A considerable amount of studies have been conducted for the past four decades. Most 
researchers have used constraints and tried to minimize the cost of the structure by reducing the 
weight of it [8]. Although this approach may be true for steel structures, it is not accurate for 
composite structures such as reinforced and prestressed concrete. Maximizing the amount of 
reinforcing steel to minimize the weight of the overall structure can produce an increase of the 
cost if the price of steel is too high compared to concrete [8]. A better approach is to reduce the 
total cost of the structure instead of weight. However, some structures such as Prestressed 
Concrete AASHTO Girders have been standardized with the purpose of simplifying production, 
design and construction. Optimizing a bridge girder requires good judgment at an early stage of 
the design and some studies have provided guides for preliminary design that will generate a final 
economical solution [17] [18]. Therefore, no calculations or optimization procedure is required to 
select the appropriate Standard AASHTO Girder. This simplifies the optimization problem of a 
bridge girder to reducing the amount of prestressing and mild steel only. This study will address 
the problem of optimizing the prestressing force of a PC AASHTO girder by using linear 
programming and feasibility domain of working stresses. A computer program will be presented to 
apply the optimization technique effectively. 
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NOMENCLATURE AND ABBREVIATION 
 
  
c.g.s. Center of gravity of steel 
c.g.c. Center of gravity of concrete 
Cm Total material cost 
Ccb Concrete cost for a beam 
Csb Cost of reinforcing steel 
Cpb Cost of prestressing 
Cfb Cost of formwork 
Csbv Cost of transverse reinforcement 
Cfib Cost of fibers to reinforce concrete 
Cbh Cost increase due to building height. 
Fi Prestressing force at initial stage 
PC Prestressed concrete 
RC Reinforced concrete 
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CHAPTER 1 -  INTRODUCTION 
1.1.  Overview 
 Most engineers may agree that an optimum design of a particular structure is a proposal 
that minimizes costs without compromising resistance, serviceability and aesthetics. In the last 
four decades, a considerable amount of papers that deal with optimization of structures have 
been published. Most of these publications provide methods to minimize the cost by reducing the 
weight of the structure. For reinforced and prestressed concrete, the optimization problem cannot 
be simplified to a weight minimization problem but to a cost reducing study. Because concrete 
involves the usage of two different materials, economy may not be reached by reducing the 
weight of the structure if the price of the steel is considerable high compared to that of concrete 
[23]. Additionally, concrete structures must use forms which have been standardized over the 
years to decrease the cost of construction by reusing formwork as many times as possible. 
Proposing non-standardized cross sections to reduce weight will require the contractor to acquire 
new formwork increasing costs and even time. Moreover, production, transportation, erection and 
maintenance during the lifetime of the structure are other factors that impact the final cost. 
Therefore, investigators have developed guidelines to establish costs based on life-cycle [14]. 
However, trying to minimize the life-cycle cost is a complex problem that cannot be generalized 
for all types of structures, environments and locations. Each project must be studied 
independently taking into account factors such as, site, materials costs and availability, 
manpower, equipment, technology availability, contractor etc. The complexity of the problem and 
the lack of time to propose an optimum solution, has obliged engineers to rely on experience, 
trial-error and intuition instead of a more analytical solution. However, computers in engineering 
offices have made possible to evaluate different alternatives and produce a better solution or 
design. This goal is reached by a trial-error process that can be performed during the design 
stage and the most cost-effective result may be taken as optimal. It is clear that a computer 
program is necessary if an optimal solution is to be found by engineers and designers. 
Additionally, the result must be realistic and common to practice: an optimal solution cannot be 
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applied to a real structure if contractors and manufacturers do not have the ability, resources or 
qualified personnel to execute the required design. An example of this is the proposed method to 
find an optimal shape for a parabolic strand of an AASHTO prestressed beam by using linear 
programming [6]. Strands configuration produced by the algorithm has no smooth shape or 
standard measurements to center of gravity of cables that are common in practice, therefore it 
cannot be used in real structures without modifying the tendon configuration and by changing it, 
actual design is not exactly the optimal solution. It is then necessary to provide values and 
solutions that can be used in practice effectively and easily without having to reconfigure the 
results after a solution is given.  
In this study, a method and algorithm to optimize the prestressing force for an indeterminate 
prestressed AASHTO concrete bridge girder with prescribed cross-sectional properties, materials 
and center of gravity of strands or clear covers on half spans and supports will be proposed. For 
this purpose, the allowable stress design method will be used. Using AASHTO code 
recommended stresses, a feasibility domain will be created at every 1/10th of each span of the 
continuous beam, producing an ample and infinite number of solutions in terms of prestressing 
force and eccentricity. By using a user-defined parabola or eccentricity for the tendons, the code 
will be capable of choosing the minimum amount of strands required for any section of the girder. 
The algorithm will be written in a computer code to minimize the time consumed by the multiple 
iterations required to find the optimum amount of prestressing force.  
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1.2. Statement of the Problem 
 This thesis intends to present a method of optimization of the prestressing force required 
to comply with the code for a continuous AASHTO girder by using a feasibility domain and linear 
programming as a solving method. A computer program is written to analyze the allowable 
bending stresses at each 1/10th increment of the length for each span. Optimum prestressing 
force and/or number of strands are calculated and reported. 
1.3. Organization of the Document 
 Chapter 1 introduces the reader to the problem statement and gives and overall idea of 
this study. On chapter 2, several investigations performed in the past by other contributors are 
analyzed and compared. Potential contributions to this study are also discussed. Chapter 3 
formulates the optimization problem and presents methods to solve it. Chapter 4 describes the 
method used to optimize the prestressing force of continuous bridge girders. On chapter 5, a 
computer program to optimize the prestressing force is developed. Validation of the code and 
examples are developed on chapter 6.  
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CHAPTER 2 -  BACKGROUND LITERATURE 
 The majority of papers that address the problem of optimization of reinforced concrete 
girders and beams propose that the cost can be determine using the following equation [12]: 
 Cm = Ccb +Csb + Cpb +Cfb + Csbv + Cfib + Cbh  (2‐1) 
It is clear that the optimization of a beam can be achieved by reducing all the terms of eq. 2-1 as 
much as possible. However, structures generally demand adding another element if another one 
is reduced or taken away. If the amount of steel is reduced Csb, a bigger depth will be required 
increasing Ccb. Therefore, the problem can be more complex than just trying to decrease all terms 
of eq. 2-1. Additionally, assumptions must be made in order to produce a suitable set of 
equations and constraints that can be solved using mathematical methods available. 
Investigators have proposed different solutions taking some of the terms of eq. 2-1. Note that eq. 
2-1 does not take into account the life-cycle of the structure as expected.  Table 2-1 makes a 
comparative analysis of a selected group of studies about optimization of concrete structures [12]. 
It can be seen that only a few investigators have proposed a method of optimization that takes 
into account more than three terms of eq. 2-1. It can also be noted that most of the research is 
based on simply supported beams. Kirch (1983) provided a solution for multispan beams 
considering the first two terms of eq. 2-1 and omitting the constraints provided by building codes 
making the method impractical for real structures. For the specific case of AASHTO loading, 
Torres et al. (1966) used linear programming to optimize PC girders and using cross-section 
area, spacing of girders, initial prestressed, slab thickness and reinforcement as variables for the 
design. Other investigators have proposed optimization of bridges superstructures and gave 
suggestions for pre-design and guides to use the structural elements to produce economical 
designs [15] [16] [17] [18]. However, applying an optimization procedure at engineering offices 
using any of the proposed methods is impractical. Speed and productivity is a major concern 
when designing structures and all offices use computer programs to increase efficiency and 
provide final designs on time. None of the studies presented on table 2-1 provided a practical tool 
or computer software to apply RC and PC optimization at the office.  These circumstances have 
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forced practicing engineers to optimize structures based mainly on experience rather than a 
mathematical method.  
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Table 2-1 Comparison of Different Studies to Optimize Concrete Structures 
Authors Structure of study 
Method of 
Optimization 
Variables of eq. 2-1 analyzed Remarks 
C
cb
 
C
sb
 
C
pb
 
C
fb
 
C
sb
v 
C
fib
 
C
bh
 
Goble and 
Lapay 
(1971) 
Post-
tensioned 
concrete T-
Section 
beams 
Gradient 
projection 
method. 
X   X     
Kirsh 
(1972) 
Two 
continuous 
spans of 
prestressed 
concrete 
beams. 
Transformation 
of a nonlinear 
problem to a 
linear one and 
solving it by 
linear 
programming 
X  X      
Friel 
(1974) 
Simply 
supported 
RC beams 
Closed forms 
solution. X X  X X  X 
The study 
finds a 
balance 
between ratio 
of steel to 
concrete. 
Brown 
(1975) 
Simply 
supported 
RC slabs 
Iterative 
method X X      
This study 
uses flexural 
constraint 
only. 
Naaman 
(1976) 
Simply 
supported 
PC 
rectangular 
beams and 
one-way 
slabs 
Direct search. X  X X    
It was 
concluded 
that the 
weight 
approach is 
suitable when 
the cost ratio 
of 
prestressing 
steel to 
concrete is 
more than 60. 
Otherwise, 
the cost 
method 
approach 
must be 
used.  
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Table 2-1 Comparison of different studies to optimize concrete structures (cont.) 
Authors Structure of study 
Method of 
Optimization 
Variables of eq. 2-1 
analyzed 
Remarks 
C
cb
 
C
sb
 
C
pb
 
C
fb
 
C
sb
v 
C
fib
 
C
bh
 
Chou (1977) 
Simple 
supported 
T-Beam. 
Lagrange 
multiplier 
method for 
minimum 
cost. 
X X      
It was found 
that using 
maximum 
steel ratio, a 
14% of 
reduction in 
costs was 
achieved. 
Gunaratnam 
and 
Sivakumaran 
(1978) 
RC slabs 
Lagrange 
multiplier 
and 
graphical 
methods 
X X      
The author 
reports that 
service state 
design 
produce a 
significant 
influence for 
the optimum 
design. 
Kirsh(1983) 
Multi-span 
RC beams 
with 
rectangular 
section. 
Simplified 
three-level 
iterative 
calculation 
X X      
This study 
does not 
consider the 
constraints 
provided by 
the codes. 
Cohn and 
MacRae 
(1984) 
Simply 
supported 
RC and PC 
beams 
Feasible 
conjugate-
direction 
method 
X X X X X   
The 
proposal of 
this research 
take into 
account limit 
and service 
state. 
Investigators 
concluded 
that a partial 
PC beam is 
more 
economical 
than fully 
PC.  
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Table 2-1 Comparison of different studies to optimize concrete structures (cont.) 
Authors Structure of study 
Method of 
Optimization 
Variables of eq. 2-1 
analyzed 
Remarks 
C
cb
 
C
sb
 
C
pb
 
C
fb
 
C
sb
v 
C
fib
 
C
bh
 
Saouma 
and Murad 
(1984) 
Simply 
supported I-
beams that 
are partially 
prestressed 
concrete. 
A constraint 
optimization 
problem is 
transformed to 
an 
unconstrained 
problem and 
solved by the 
quasi-method. 
X X X     
Researchers 
used ACI 1977 
constraints and 
reported cost 
reductions 
between 5% 
and 52%.  
Jones 
(1985) 
Simply 
supported 
precast, PC 
box girders  
Integer 
Programming X  X     
The 
investigator 
used AASHTO 
(1997) 
conditions. 
Additionally to 
the amount of 
prestressing 
the draping 
and location of 
strands were 
analyzed as 
variables. 
Abendroth 
and 
Salmon 
(1986) 
RC and PC 
T- beams. 
A constraint 
optimization 
problem is 
transformed to 
an 
unconstrained 
problem and 
solved by the 
quasi-method. 
X X  X X   
Research 
found that 
shear reinf. 
does not affect 
the total cost 
significantly 
and may be 
neglected. 
Savings 
reported are 
between 5 and 
15% when 
using high 
strength 
materials. 
Park and 
Karik 
(1987) 
Curved RC 
two way 
slabs with 
rigid 
supports. 
Sequential 
linear 
programming. 
X X      
Constraints 
considered are 
deflections 
minimum 
effective 
depths and 
design 
moments. 
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Table 2-1 Comparison of different studies to optimize concrete structures (cont.) 
Authors Structure of study 
Method of 
Optimization 
Variables of eq. 2-1 
analyzed 
Remarks 
C
cb
 
C
sb
 
C
pb
 
C
fb
 
C
sb
v 
C
fib
 
C
bh
 
MacRae 
and 
Cohn 
(1987) 
PC flat 
slabs.  
Conjugate - 
direction 
method 
X X X     
They concluded 
that grouping 
cables and using 
high strength 
materials reduces 
costs. 
Prakash 
et al. 
(1988) 
Single and 
doubly RC 
beams of 
rect. and T 
shape. 
Lagrangian  
and simplex 
method 
X X      
They state that 
using a flat slab is 
more economical 
than using a T-
beam for equal or 
less than 6m and 
residential usage 
as live load. For 
longer spans T-
beam sections are 
suggested to be 
more economical. 
Paul et 
al. 
(1990) 
Modular 
floor 
system 
with 
precast 
PC (with 
voids and 
solid) 
Geometric 
programming X X X X    
For a solid slab, the 
prestressing force 
is less than for 
voided slabs. Costs 
of erection were 
also considered. 
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Table 2-1 Comparison of different studies to optimize concrete structures (cont.) 
Authors  Structure of study 
Method of 
Optimization 
Variables of eq. 2-1 analyzed 
Remarks 
C
cb
 
C
sb
 
C
pb
 
C
fb
 
C
sb
v 
C
fib
 
C
bh
 
Kanagasundara
m and Karihaloo 
(1991) 
Simply 
supported, 
rectangular
, L and T 
section for 
RC beams. 
Sequential 
LP and 
sequential 
convex 
programming
. 
X X  X    
Constraints 
used 
includes 
structural 
stability, 
durability 
and fire 
rating. They 
found that 
formwork 
increases 
costs when 
shape is 
optimized. 
Chakrabarty 
(1992) 
RC 
rectangular 
beams 
Geometric 
programming 
and Newton-
Rapson 
methods. 
X X  X    
When an 
optimum 
solution is 
found, and 
labor is 
cheap, the 
cost of 
formwork is 
1/4 of the 
total cost of 
the RC 
beam.  
Cohn and Lounis 
(1993) 
Partially 
and fully 
PC beams 
that are 
continuous 
and one 
way slabs. 
Lagrangian 
algorithm X X X     
Ultimate 
and 
serviceabilit
y states are 
considered. 
Investigator
s concluded 
that total 
cost 
decreases 
when 
allowable 
tensile 
stress on 
concrete is 
increased. 
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Table 2-1 Comparison of different studies to optimize concrete structures (cont.) 
Authors Structure of study 
Method of 
Optimization 
Variables of eq. 2-1 
analyzed 
Remarks 
C
cb
 
C
sb
 
C
pb
 
C
fb
 
C
sb
v 
C
fib
 
C
bh
 
Khaleel 
and Itani 
(1993) 
Simply 
supported, 
partially PC 
beam with I 
shape using 
ACI 318-83.. 
Lagranian 
method X  X     
Ultimate and 
serviceability 
conditions were 
included. The 
result of the 
optimization 
minimizes costs 
and increases 
camber. 
Al-Saloum 
and Siddiqi 
(1994) 
Rectangular 
RC beam 
(singly 
reinforced). 
Derivatives of 
Lagranian 
method with 
respect to the 
area of steel, 
depth and 
other 
Lagranian 
multipliers to 
take into 
account 
constraints 
such as 
flexural and 
strength. 
X X  X    
The solution is 
given in terms 
of the cost of 
steel, depth 
and strength 
parameters. 
Han et al. 
(1995) 
Partially 
prestressed 
simply 
supported 
and 
continuous 
concrete 
beams with 
T-shape and 
rectangular. 
 X   X    
The 
investigators 
concluded that 
a T shape is 
more 
economical 
than a 
rectangular 
shape when the 
beam is simply 
supported. 
Hernandez, 
Fontan, 
Diaz and 
Marcos 
(2010) 
Prefabricated 
prestressed 
concrete 
beams 
Simplex 
method        
Optimization of 
the 
prestressing 
force and 
tendon layout 
for a singly 
supported PC 
beam is solved 
by using a code 
and a computer 
programming. 
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2.1. Potential Contributions to this Study 
 Table 2-1 shows that most studies are concerned about simply supported beams. It can 
also be seen that the optimization problem has been studied for many decades. Yet, the 
application of all procedures presented do not offer a practical solution that can be easily used to 
optimize the prestressing force of a continuous AASHTO PC girder with n-spans. Therefore, 
investigators have presented their results as practical recommendations with respect to geometry 
of the structure, support conditions and shapes of beams based on spans[15] [17] [18]. 
Nevertheless, this study does not intend to give general guides to approach the solution to an 
optimum design but to find an optimal solution for every specific case. As a result, the proposed 
solution of this study intends to complement previous investigations by offering a method and a 
tool that optimizes the prestressing force of a continuous AASHTO PC girder. Recommendations 
given by previous investigation of optimization, can be easily applied in an early stage of the 
design process and then refined the solution by using the methods and tools presented in the 
next chapters. 
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CHAPTER 3 -  THE OPTIMIZATION OF CONTINUOUS PC BEAMS 
 By inspecting table 2-1, one can infer that optimization of prestressed concrete beams is 
a problem that has been studied for many decades. Yet, the application of the methods is 
impractical since the mathematical solutions can be overwhelming for real structure applications if 
a computer program is not available [1]. Clearly, a tool that is able to provide practical data to the 
designer is necessary in order to apply an optimization process. Additionally, the solution must be 
viable to construct, easy to apply and practical to produce. This implies that the result of the 
optimization has to be somehow familiar to the industry. Figure 3.1 shows a common distribution 
of strands for a PC AASHTO girder.  It will not be practical to propose a harped shape for all 
strands for a precast beam since the strands on the left and right sides cannot have any other 
profile but straight. Studies performed by Kirch (1972) require the designer to provide control 
points for the shape or profile of the strand configuration. By giving the designer control of the 
strands path, a more logical and practical design can be achieved compared to a shape produced 
by a computer program that may not offer a smooth parabola shape as found by Kirch (1973). 
Therefore, the implementation of human control over the shape of the strands will be used in this 
study in order to create a solution that does not require further recalculation and adjustments.  
 
Figure 3-1 Typical Distribution of Strands on I-shaped beam. 
 
An optimum prestressing force required to comply with the codes during the allowable stress 
design can be found by using a feasibility domain for each section of a simply supported beam or 
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continuous one [1]. The amount of prestressing must take into account that even when the 
prestressing force can be any positive real number, the practical answer is given by an integer 
number that represents the number of strands at an specific amount of stress. 
The volume of concrete is not a major concern when optimizing bridge girders when the designer 
is limited to a standard shape such as those given by AASHTO. Mild reinforcing steel used for 
shear reinforcement for RC beams is not a major concern and can be neglected for optimization 
purposes [30]. For PC concrete beams, reinforcement for shear has even less impact on costs as 
the compression produced by prestressing increases the strength of the beam against shear and 
torsion actions. Other variables such as transportation, erection, manufacturing, will not be 
addressed in this study and will be neglected for optimization porpoises. 
3.1. Formulation of the Optimization Problem 
 As a first step, a formulation of an optimization problem is to be stated. Arora (1989) 
proposed a procedure to determine the required data and steps in order to produce a correct 
optimization problem. This procedure will be used in this study as a guide to establish and 
formulate the problem and its solution. 
i. Identification and Definition of the Independent Variables for Design. 
For a set of standard prestressed concrete beam with variable prestressing force for each 
particular case or bridge, the independent design variables can be identified as the 
prestressing force or number of strands and the eccentricity of the tendons. This variable 
will be identified as follows: 
Fi = initial Prestressing force 
 
ii. Design Parameters and Data 
The design parameters are the materials data and loads applied to the structure. These 
variables are defined using the nomenclature shown on table 3.1. All of these variables 
and their values must be selected or calculated by the designer using specific project 
15 
 
requirements and code specifications. Additionally, an AASHTO girder section must be 
selected by the designer. The beam properties and types are shown on table 3.2.  
 
iii. Dependent Variables 
These variables can be determined once the design parameters are specified. Table 3-3 
shows these variables and their nomenclature. 
 
Table 3-1 Design Parameters and Nomenclature 
Design Parameter Nomenclature Possible Values 
Cylinder concrete compressive 
strength at 28 days. f'c 3 to 12 ksi 
Cylinder initial concrete 
compressive strength fci 
Any value less than or equal to 
f'c 
Ultimate stress capacity of 
high strength steel fpu 270 ksi 
Initial prestressing force fpi Any value less than fpu 
Effective prestressing force fpe Any value less than fpi 
AASHTO Standard Beam type Beam_type I, II, III, IV, V, VI, BT-54, BT-63 and BT-72 
Strand diameter Strand_diam 0.50", 0.6" 
Extreme fiber tensile stress in 
the concrete at initial stage ti 
See table 4.1 
Extreme fiber compressive 
stress in the concrete at initial 
stage 
ci 
Extreme fiber tensile stress in 
the concrete at service loads ts 
Extreme fiber compressive 
stress in the concrete at 
service loads 
cs 
Minimum bending moment - 
moments produced by self-
weight of beam. 
Mmin Any value in kip‐in 
Maximum bending moments - 
moments produced by service 
loads. 
Mmax Any value in kip‐in 
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Table 3-2 AASHTO Girders Section Properties 
Section 
Property Type I 
Type 
II 
Type  
III 
Type 
VI 
Type 
V 
Type 
VI BT-54 BT-63 
Ac (in2) 276 369 560 789 1013 1085 659 713 
Ig (in4) 2275 50980 125390 260730 521180 733320 268077 392638
Yt (in) 15.41 15.41 20.17 24.73 29.27 31.04 35.62 26.37 
Yb (in) 12.59 15.83 20.27 24.73 31.96 36.38 27.63 32.12 
Nmax         
 
Table 3-3 Dependents Variables Nomenclature 
Design Parameter Nomenclature Calculation of the Variable and units 
Section modulus with respect 
to extreme top fiber 
Zt  Ig/Yt  (in3) 
Section modulus with respect 
to extreme bottom fiber Zb Ig/Yb  (in3) 
Radius of gyration of cross 
section r
2 Ig/Ac (in2) 
Distance from centroid of 
concrete section the upper 
(top) limit of central kern. 
kt =‐r2/Yb (in) 
Distance from centroid of 
concrete section the lower 
(bottom) limit of central kern. 
kb = ‐r2/Yt (in) 
Depth of member h  Yt +Yb (in) 
Percentage of prestressing 
force losses. n  fpe/fpi 
Extreme fiber tensile stress in 
the concrete at initial stage ti  ti*√fci (ksi) 
Extreme fiber compressive 
stress in the concrete at initial 
stage 
ci  ci*fci (ksi) 
Extreme fiber tensile stress in 
the concrete at service loads ts  ts*√fc (ksi) 
Extreme fiber compressive 
stress in the concrete at 
service loads 
cs  cs*fc (ksi) 
Area of one strand of 
prestressing steel. Asp 0.153 or 0.217 (in2) 
 
iv. Objective Function 
The objective function for structural elements may consider weight, cost, deformation, 
vibrations, stresses or a combination of these. As discussed on previous chapters, 
minimizing the weight of reinforced or prestressed concrete structures will not necessarily 
reduce costs. Nevertheless, the problem for prestressed concrete bridges using AASHTO 
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Standard beams is not reducing weight as girder shapes cannot be changed. Moreover, 
this study concerns only about the first stage of beams or girders design: allowable 
working stress for flexural design. The optimization and study of vibrations, deformations, 
cracking, shear and their combinations is above the scope of this work. Therefore, the 
objective function has been established with the purpose of minimizing the prestressing 
force only as shown on equation 3-1. 
 
ܼ ൌ ݂ሺሼܺሽሻ → min  (3‐1) 
 
Equation 3-1 can be expressed as minimizing f({X}) which represents the prestressing 
force Fi given an eccentricity eo. 
 
v. Constraints 
The constraints for this problem are the stresses that are checked when the design is at 
the first stage. Allowable stress design (ASD) approach is usually chosen by most 
engineers to determine the amount of prestressing force required to meet all constraint 
functions or inequalities. These stresses are produced by flexural forces generated by 
external loading, their load cases and envelopes. Equation 3-2 summarizes the 
constraints for this optimization problem. 
 (Service Stress, )  ≤  (code allowable stress, a)  (3‐2) 
 
vi. Optimization Problem Statement 
The design optimization problem can be expressed as follows: using the design variables 
and given cross sectional properties minimize the prestressing force of a single span or 
continuous prestressed concrete bridge girder subject to the constraints on bending 
stress. 
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3.2. Limitations and Scope of this Study 
 The objective function and its method of solution applied in this study is limited to 
determine the minimum prestressing force or number of strands that a standard AASHTO bridge 
girder requires to comply with the allowable bending stresses imposed by the codes. Minimization 
of required mild reinforcing steel for flexural design, as well as shear and torsion reinforcement 
are not included in the objective function. Moreover, constraints for service conditions such as 
deflections, vibrations, cracking, creeping and ultimate design are not included in this study.  
3.3. Assumptions 
 In order to simplify the optimization problem, the following assumptions are made: 
a. It is considered that losses are evenly distributed along the length of the continuous PC beam. 
b. Cost of strands is considerable larger than the cost of concrete. 
c.  Mild steel reinforcement does not have a large impact in the total cost. 
 
3.4. Method to Solve the Objective Function 
 Table 2-1 shows on its third column, all the optimization methods used by previous 
investigations to optimize RC and PC beams. Not all methods are suitable for solving every any 
optimization method. The most advantageous method is the one that minimizes the amount of 
calculations, that is simple to apply and implement in a computer program and   
i. Graphical Approach 
A graphical approach is a suitable method if human interaction is desired. The designer 
may find a feasibility domain by creating a graphical interpretation of the inequality 
conditions or constraints creating a bounded region which gives an infinite number of 
solutions as shown on figure 3-2. The "X" values represent the inverse of the 
prestressing force (1/Fix106 lbs), -while the "Y" axis represents the eccentricity of the 
strands in inches. An optimum prestressing force can be found by selecting the maximum 
value of the X axis that falls into the shaded area: for 23" of eccentricity a 1/3.8 x106 lbs 
can be used as an optimum value for prestressing. 
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Figure 3-2 Feasibility Domain for PC beam. Shaded area represents the feasibility domain. 
Although the graphical method produces an infinite number of solutions that can be studied and 
analyze later by the designer in order to adapt the design to any scenario and special conditions, 
the method requires human interaction and good judgment. Moreover, a graphic must be created 
for many sections along of each span of the continuous beam. Usually, commercially available 
computer programs, by default analyze stresses and compute design of beams and girders at 
each 1/10th or 1/12th of the span length. Practice has proven that amount of sections along the 
span is good enough to come up with a satisfactory design. If this criteria is applied to solve the 
objective function, a 3 span beam with analysis at every 1/10th of the length will produced a total 
of 30 graphs that must plotted and studied. As stated before, speed is a major concern in 
engineering offices and the usage of graphical methods that require human interaction and 
analysis at many sections is not efficient. 
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ii. Numerical Methods 
 A widely used method for optimization is linear programming (LP). This technique is 
suitable and popular when constraints and objective function are linear [8]. Some of the 
advantages of linear programming include: efficient when applied to a computer program, 
preparation of the data is easy and nonlinear problems can be solved by dividing the 
problem in several subroutines [8].  
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CHAPTER 4 -  OPTIMIZATION OF THE PRESTRESSING FORCE 
 
4.1.  The Feasibility Domain 
The problem of optimizing the prestressing force with a standard or given cross section 
properties can be solved by using behavior constraints which provide a domain or collection of 
possible solutions to the design [1].  The design of a structural member is governed by limiting the 
stresses that may cause the materials to fail under combined external and internal forces. A 
structure or part of it may be considered failed under service load conditions when cracking and 
deformation exceeds the values allowed by the code. Additionally, the structure must not exhibit a 
brittle collapse under extreme or ultimate load conditions. Therefore, in order to avoid failures, 
building codes such as ACI 318 or AASHTO LRFD provides the designer with allowable values 
for both tension and compression stresses. The structure must satisfy that, 
 (Service/Ultimate Stress)  ≤  (code allowable Stress)  (4‐1) 
 
For the purpose of this study, allowable concrete stresses provided by AASHTO LRFD will be 
used. A summary of these values are shown on table 4-1. 
By using eq. (4-1) and the allowable stresses provided by the codes, a series of inequalities or 
constraints can be derived. These constraints provide a range of stresses that can be used to 
create a feasibility domain which provides essential information to determine a collection of 
different prestressing forces and eccentricities that can be analyzed to determine an optimum 
value for the design of prestressed force and eccentricity. 
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Table 4-1: AASHTO LRFD Allowable Stresses for Prestressed Concrete Bridges that are not 
Segmental. 
Condition Stress Location Allowable Stress (ksi) 
Temporary Stress 
before loss 
Tensile 
In area other than pre-
compressed tensile zone 
and without bonded 
tendons or 
reinforcement. 
 
 
In areas with bonded 
tendons or 
reinforcement sufficient 
to resist the tensile force 
in the concrete 
computed assuming an 
uncracked section, 
where the reinforcement 
is proportioned using a 
stress of 0.5fy, not to 
exceed 30ksi. 
 
 
 
 
0.0948√f'c ≤ 0.2 
 
 
 
 
 
 
 
 
 
0.024√f'ci  
Compression All locations 0.6f'c 
Final Stress after 
loss at service loads 
Tensile 
In the pre-compressed 
tensile zone, assuming 
uncracked sections: 
 Components 
with bonded 
tendons or 
reinforcement, 
and/or are 
located in 
Caltrans 
environment 
areas I and II. 
 Components 
with bonded 
tendons or 
reinforcement, 
and/or are 
located in 
Caltrans 
environment 
area III. 
 Components 
with unbonded 
tendons. 
 
 
 
 
 
 
 
0.19√f'c 
 
 
 
 
 
 
 
 
0.0948√f'c 
 
 
 
 
 
0 
Compression 
All locations due to: 
 Permanent 
loads and 
effective 
prestress loads. 
 All load comb. 
 
 
0.45f'c 
 
 
0.6f'c 
23 
 
Table 4-1 AASHTO LRFD allowable stresses for prestressed concrete bridges that are not 
segmental (cont.). 
Condition Stress Location Allowable Stress (ksi) 
Permanent loads 
only Tensile 
Precompressed tensile 
zone with bonded 
prestressing tendons or 
reinforcement. 
 
 
 
 
0 
 
 
 
 
4.2. Derivation of the Inequality Equations 
4.2.1. Sign Convention 
 For the purpose of this study, the following sign conventions will be used: 
Table 4-2: Sign Convention 
Type of stress in concrete Sign Convention 
Compressive  (+) 
Tensile  (-) 
Moments with tension stress on top (-) 
Moments with tension stress on bottom (+) 
 
4.2.2. Equations of Stresses for a Simply Supported Prestressed Beam 
 Consider a simply supported beam subjected to an initial prestressing force Fi as shown 
of figure (4.1). The force Fi is applied on the centroid of the section producing only compression 
stresses. It is assumed that the principles of mechanics and strain-stress relationships or Hooke's 
laws are valid for this load condition and subsequent forces. Considering compression stresses 
as positive, the average normal stress (ti) on any section of the beam at topmost fiber for an 
initial condition can be determined by equation 4-2. 
 ߪ௧௜ ൌ ܨ௜ܣ௖ (4‐2) 
 
Where Ac is the area of the cross section of the prismatic beam. 
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Figure 4‐1 Normal Stresses for a PC Simply Supported 
Beam (prestressing force only) 
 
Figure 4‐2 Normal Stresses for a PC Simply Supported 
Beam (prestressing force + Self‐weight) 
 
 
  
Figure 4‐3 Normal Stresses for a PC Simply Supported 
Beam (prestressing force with an eccentricity + Self‐weight) 
 
On figure 4-1, only the prestressing force is acting. If self-weight of the beam starts to act as a 
uniformly distributed load as shown on figure 4-2, a bending moment Mmin will be produced and 
the stress created at topmost fiber of the cross section is: 
 ߪ௧௜ ൌ ܨ௜ܣ௖ ൅
ܯ௠௜௡
ܼ௧  (4‐3) 
Where Zt is the section modulus at topmost fiber of the beam cross section and Mmin is the 
bending moment produced by the self-weight of the structure. 
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If an eccentricity with respect to the centroid of the cross section ( eo ) is given to the prestressing 
force Fi, normal stresses of opposite signs are created on bottom and topmost fiber of the cross 
section as shown on figure 4-3. The bending moment of magnitude Fi×eo produces a stress of 
negative sign on top of fibers. Equation 4-4 shows the total stress on top of the beam produced 
by the prestressing force and self-weight.  
 ߪ௧௜ ൌ ܨ௜ܣ௖ ൅
ܯ௠௜௡
ܼ௧ െ
ܨ௜ ∗ ݁௢
ܼ௧  (4‐4) 
4.2.3. The Eight Stress Inequality Equations 
 Considering that the result of equation 4-4 cannot be more than an allowable tension 
stress ti, equation 4-4 can be written as an inequality condition or constraint as shown on 
equation 4-5. 
 ߪ௧௜ ൒ ܨ௜ܣ௖ ൅
ܯ௠௜௡
ܼ௧ െ
ܨ௜ ∗ ݁௢
ܼ௧  (4‐5) 
 
Where ti, is now considered as an allowable tension stress at initial condition. The value of ti is 
given by the codes. Equation 4-5 can be rearranged in many different ways to provide a more 
useful form to investigate or design a PC beam. Using the distance from the centroid of the cross 
section of the beam, to the lower limit of the central kern (kb), 
 kb = Zt/AC  (4‐6) 
 
Equation 4-6 can be written as Ac kb = Zt 
 Ac kb = Zt   
 
and substituting 4-6 in eq. 4-5, the following form of equation 4-5 is created: 
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 ti ≤  [Mmin/ Zt + (1‐eo/kb)(Fi/Ac)]  (4‐7) 
Equation 4-7 is a useful way to analyze a beam when tension stresses at initial stage are a major 
concern. If the eccentricity eo is a major concern for the designer, then equation 4-5 can be 
written as: 
  eo ≤ [kb + (1/Fi)(Mmin ‐ ti Zt)]  (4‐8) 
 
Moreover, if the prestressing force is to be investigated, equation 4-5 can be rewritten as follows: 
 Fi ≤ (Mmin ‐ ti Zt)( eo ‐ kb)  (4‐9) 
 
Finally, an inverse form of equation 4-9 can be written. This form of equation 4-9 is useful to 
create feasibility domains that can be employed to investigate and design the required 
prestressing force for a PC beam. 
 1/Fi ≥ (eo - kb)/(Mmin - ti Zt) (4‐10) 
 
Equations 4-7, 4-8, 4-9 and 4-10 will be called as stress condition "I" and are written on table 4-
3a.  
 
If compression stresses are to be studied at topmost fiber, another set of equation must be 
derived. Refer to figure 4-1, 4-2 and 4-3a. It can be noted that the allowable compression stress 
on bottom of the beam at initial stage ci, is given by  
 ߪ௖௜ ൌ ܨ௜ܣ௖ െ
ܯ௠௜௡
ܼ௧ ൅
ܨ௜ ∗ ݁௢
ܼ௧  (4‐11) 
Similarly as done with equation 4-5, equation 4-11 can be written differently by using the distance 
from the centroid of the cross section of the beam, to the upper limit of the central kern (kt), 
 Kt = Zb/AC  (4‐12) 
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Equation 4-12 can be written as Ac kt = Zb 
 Ac kt = Zb  (4‐12a) 
Substituting 4-12a in equation 4-11 and rearranging terms the following form is produced: 
 ci ≥  [Mmin/ Zb - (1-eo/kt)(Fi/Ac)] (4‐13) 
 
Where ci, is now considered as an allowable compression stress at initial condition. All forms of 
eq. 4-13 are written on table 4-3a as Stress Condition "II".  
Stress conditions I and II are equations that can be used to design or investigate PC beam at its 
initial stage. When allowable stresses for service conditions are to be considered, some terms of 
equations 4-7 and 4-13 must be changed in order to be able to take into account the new 
conditions. For a service load scenario, where full dead load and live loads are present, the 
bending moment Mmin of equations 4-7 and 4-13 will be changed to Mmax. Similarly, the initial 
allowable stresses ti and ci will be substituted for the allowable service stresses at service ts 
and cs respectively. By substituting these new terms on equations 4-7 and 4-13, equations 4-14 
and 4-15 are found. 
 ts ≤  [Mmin/ Zt + (1‐eo/kb)(Fi/Ac)]  (4‐14) 
 
 ci ≥  [Mmin/ Zb - (1-eo/kt)(Fi/Ac)] (4‐15) 
 
Equations 4-14 and 4-15 will be labeled as stress condition III and IV. All forms of these 
expressions can be found on table 4-3a. A condition V is also to be added: this condition ensures 
that the eccentricity keeps between a practical value (eo)mp. Eccentricity must not be too large so 
that the center of gravity of strands does not comply with the required clear cover. Therefore, 
condition V is written as: 
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 eo ≤ (eo)mp = yb - (dc)min (4‐16) 
Where Yb is the distance from the centroid of the cross section of the beam, to the extreme 
bottom fiber and (dc)min is the distance from the bottom of the beam to the centroid of the strands.
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Table 4-3a Four Inequality Equations Written in Five Different Ways 
Way Stress Condition Inequality equation 
1 
I 
 
ti ≤  [Mmin/ Zt + (1-eo/kb)(Fi/Ac)] 
 
II 
 
ci ≥  [Mmin/ Zb - (1-eo/kt)(Fi/Ac)] 
 
III 
 
cs ≤  [Mmax/ Zt + (1-eo/kb)(Fi/Ac)] 
 
IV 
 
ts ≥ [Mmax/ Zb + (1-eo/kb)(Fi/Ac)] 
 
2 
I 
 
eo ≤ [kb + (1/Fi)(Mmin - ti Zt)] 
 
II 
 
eo ≤ [kt + (1/Fi)(Mmin + ciZb)] 
 
III 
 
eo ≥ [kb + (1/nFi)(Mmax - csZt)] 
 
IV 
 
eo ≥ [kt + (1/nFi)(Mmax + tsZb)] 
 
3 
I 
 
Fi ≤ (Mmin - ti Zt)( eo - kb) 
 
II 
 
Fi ≤ (Mmin + ci Zt)( eo - kt) 
 
III 
 
nFi ≤ (Mmax - cs Zt)( eo - kb) 
 
IV 
 
nFi ≤ (Mmax + ts Zt)( eo - kt) 
 
4 
I 
 
1/Fi ≥ (eo - kb)/(Mmin - ti Zt) 
 
II 
 
1/Fi ≥ (eo - kt)/(Mmin + ci Zb) 
 
III 
 
1/nFi ≤ (eo - kb)/(Mmax - cs Zt) 
 
IV 
 
1/nFi ≤ (eo - kt)/(Mmax + ts Zb) 
 
5 V  eo ≤ (eo)mp = yb - (dc)min 
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Table 4-3a is valid only when positive moments are acting. Continuous beams are subject to 
positive and negative moments on supports. Therefore, another set of equations must be created. 
As shown on table 4-2, positive bending moments produce tension on bottom and compression 
on top. When negative moments acts, compression stresses can be found on bottom. As a result, 
stress condition I from table 4-3 has to be written as: 
 ci ≥  [Mmin/ Zt - (1-eo/kb)(Fi/Ac)] (4‐17) 
 
The reader may notice that in eq. 4-17, the stress to be analyzed is not ti but ci instead. 
Equation 4-17 will be the condition I' on table 4-4a. Similarly, conditions II, III and IV are adjusted 
to be able to use them when negative moments are present. Table 4-4a shows the 8 
complementary inequalities [1].  
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Table 4-4a Additional Four Inequality Equations Written in Five Different Ways 
Way Stress Condition Inequality equation 
1 
I' 
 
ci ≤  [Mmin/ Zt + (1-eo/kb)(Fi/Ac)] 
 
II' 
 
ti ≥  [Mmin/ Zb - (1-eo/kt)(Fi/Ac)] 
 
III' 
 
ts ≤  [Mmax/ Zt + (1-eo/kb)(Fi/Ac)] 
 
IV' 
 
cs ≥ [Mmax/ Zb + (1-eo/kb)(Fi/Ac)] 
 
2 
I' 
 
eo ≤ [kb + (1/Fi)(Mmin - ci Zt)] 
 
II' 
 
eo ≤ [kt + (1/Fi)(Mmin + tiZb)] 
 
III' 
 
eo ≥ [kb + (1/nFi)(Mmax - tsZt)] 
 
IV' 
 
eo ≥ [kt + (1/nFi)(Mmax + csZb)] 
 
3 
I' 
 
Fi ≤ (Mmin - ci Zt)( eo - kb) 
 
II' 
 
Fi ≤ (Mmin + ti Zt)( eo - kt) 
 
III' 
 
nFi ≤ (Mmax - ts Zt)( eo - kb) 
 
IV' 
 
nFi ≤ (Mmax + cs Zt)( eo - kt) 
 
4 
I' 
 
1/Fi ≥ (eo - kb)/(Mmin - ci Zt) 
 
II' 
 
1/Fi ≥ (eo - kt)/(Mmin + ti Zb) 
 
III' 
 
1/nFi ≤ (eo - kb)/(Mmax - ts Zt) 
 
IV' 
 
1/nFi ≤ (eo - kt)/(Mmax + cs Zb) 
 
5 V'  |eo| ≤ |(eo)mp| = yt - (dc)min 
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Table 4-3a and 4-4a are useful when a single section of a precast beam is used. In other words, 
the contribution of the slab that is poured on top of the beam at site is not considered.  When 
using composite sections on bridges, reference [1] suggests that tables 4.3b and 4.4b provide the 
stress inequality conditions required for investigation of the feasibility domain when moments are 
positive and negative respectively. On table 4.3b and 4.4b, Mp and Mc refers to the sum of 
external bending moments acting on the precast beam and the sum of external bending moments 
acting only on the composite beam respectively. Mp must be calculated by adding the bending 
moments produced by the self-weight of the beam and the weight of the cast-in-place slab. Mc will 
be the sum of bending moments of the superimposed dead loads and live loads. It is assumed 
that the beam will be unshored and therefore the total weight of the slab at early stage and during 
pouring of the concrete deck will be supported by the precast element alone. 
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Table 4-5b Inequality Equations Written in Different Ways. Positive moments. 
Way Stress Condition Inequality equation 
1 
I 
 
ti ≤  [Mmin/ Zt + (1-eo/kb)(Fi/Ac)] 
 
II 
 
ci ≥  [Mmin/ Zb - (1-eo/kt)(Fi/Ac)] 
 
III 
 
cs ≤  [Mmax/ Zt + (1-eo/kb)(Fi/Ac)] 
 
IV 
 
ts ≥ [Mmax/ Zb + (1-eo/kb)(Fi/Ac)] 
 
2 
I 
 
eo ≤ [kb + (1/Fi)(Mmin - ti Zt)] 
 
II 
 
eo ≤ [kt + (1/Fi)(Mmin + ciZb)] 
 
III 
 
eo ≥ [kb + (1/nFi)(Mmax - csZt)] 
 
IV 
 
eo ≥ [kt + (1/nFi)(Mmax + tsZb)] 
 
3 
I 
 
Fi ≤ (Mmin - ti Zt)( eo - kb) 
 
II 
 
Fi ≤ (Mmin + ci Zt)( eo - kt) 
 
III 
 
nFi ≤ (Mmax - cs Zt)( eo - kb) 
 
IV 
 
nFi ≤ (Mmax + ts Zt)( eo - kt) 
 
4 
I 
 
1/Fi ≥ (eo - kb)/(Mmin - ti Zt) 
 
II 
 
1/Fi ≥ (eo - kt)/(Mmin + ci Zb) 
 
III 
 
1/nFi ≤ (eo - kb)/(Mmax - cs Zt) 
 
IV 
 
1/nFi ≤ (eo - kt)/(Mmax + ts Zb) 
 
5 V  eo ≤ (eo)mp = yb - (dc)min 
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Table 4-6b Additional Inequality Equations Written in Different Ways 
Way Stress Condition Inequality equation 
1 
I' 
 
ci ≤  [Mmin/ Zt + (1-eo/kb)(Fi/Ac)] 
 
II' 
 
ti ≥  [Mmin/ Zb - (1-eo/kt)(Fi/Ac)] 
 
III' 
 
ts ≤  [Mmax/ Zt + (1-eo/kb)(Fi/Ac)] 
 
IV' 
 
cs ≥ [Mmax/ Zb + (1-eo/kb)(Fi/Ac)] 
 
2 
I' 
 
eo ≤ [kb + (1/Fi)(Mmin - ci Zt)] 
 
II' 
 
eo ≤ [kt + (1/Fi)(Mmin + tiZb)] 
 
III' 
 
eo ≥ [kb + (1/nFi)(Mmax - tsZt)] 
 
IV' 
 
eo ≥ [kt + (1/nFi)(Mmax + csZb)] 
 
3 
I' 
 
Fi ≤ (Mmin - ci Zt)( eo - kb) 
 
II' 
 
Fi ≤ (Mmin + ti Zt)( eo - kt) 
 
III' 
 
nFi ≤ (Mmax - ts Zt)( eo - kb) 
 
IV' 
 
nFi ≤ (Mmax + cs Zt)( eo - kt) 
 
4 
I' 
 
1/Fi ≥ (eo - kb)/(Mmin - ci Zt) 
 
II' 
 
1/Fi ≥ (eo - kt)/(Mmin + ti Zb) 
 
III' 
 
1/nFi ≤ (eo - kb)/(Mmax - ts Zt) 
 
IV' 
 
1/nFi ≤ (eo - kt)/(Mmax + cs Zb) 
 
5 V'  |eo| ≤ |(eo)mp| = yt - (dc)min 
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4.2.4. Using the Feasibility Domain to Optimize the Prestressing Force - A Graphical 
Approach. 
Consider a 65 ft simply supported beam subject to a uniform superimposed dead load of 100 
lbs/ft and a live load of 1100 lbs/ft. Self-weight of the beam is 393 lbs/ft. The bending moments for 
each load and the allowable stress combination of D+L are shown from table 4-6 to 4-9. The 
cross section shape and its properties are shown on figure 4-4 and table 4-5 respectively. 
 
Figure 4-4 Beam Cross Section 
 
Table 4-7 Cross Section Properties 
Property Value 
Ic 70,688 in4
r2 187.5 in2 
Ac 377 in2 
ct 21.16 in 
St 3340 in3 
cb 18.84 in 
Sb 3750 in3 
 
Table 4-8 Bending Moments and Shear forces – Self-weight 
Bending moments and Shear -  Self weight
Distance (ft) Shear (kip) Bending (kip-ft) 
0 12.8 0 
L/6 = 10.83 8.5 115 
L/3 = 21.67 4.3 185 
L/2 = 32.5 0 208 
 
36 
 
Table 4-9 Bending Moments and Shear forces - Superimposed dead loads 
Bending moments and Shear -   
Superimposed Dead Load 
Distance (ft) Shear (kip) Bending(kip-ft) 
0 16 0 
L/6 = 10.83 10.7 145 
L/3 = 21.67 5.3 231 
L/2 = 32.5 0 260 
 
Table 4-10 Bending Moments and Shear Forces - Live Loads 
Bending moments and Shear -   
Live Load 
Distance (ft) Shear (kip) Bending(kip-ft) 
0 36 0 
L/6 = 10.83 24 323 
L/3 = 21.67 12 516 
L/2 = 32.5 0 581 
 
Table 4-11 Bending Moments and Shear Forces - D+L 
Bending moments and Shear -   
D + L 
Distance (ft) Shear (kip) Bending(kip-ft) 
0 65 0 
L/6 = 10.83 43 583 
L/3 = 21.67 22 932 
L/2 = 32.5 0 1049 
 
Because this is a simply supported beam, only the conditions from table 4-3a may be used and a 
graphical solution may be plotted for each section to analyze. Way #4 of table 4-3a will be 
selected. The advantage of this form of equation is that the graphical representation of all 4 
conditions will provide feasibility domain and an practical way to select a prestressing force 
necessary to comply with the code's requirements. 
Consider a feasibility domain at L/2. To plot the graph, a vertical axis that represents eccentricity 
(in inches) of the prestressing force or center of gravity of steel (c.g.s.) and a horizontal line 
representing the inverse of the prestressing force must be plotted first. The data required to 
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create the linear equations are shown on table 4-10. Proper values of ti, ci, cs and ts have 
been selected from the code (AASHTO). It was assumed that n = Fe/Fi = 0.83 
Table 4-12 Numerical Data to Use with Inequalities Equations of Table 4-3a (way 4) 
Cond. I 
Mmin  4,211,544  lbf‐in 
kb  11.57  in 
ti  ‐189  psi 
Zt  6,362  in3 
Cond. II 
Mmin  4,211,544  lbf‐in 
kt  ‐5.51  in 
ci  2,400  psi 
Zb  3,028  in3 
Cond. III 
Mmax  7,445,544  lbf‐in 
kb  11.57  in 
cs  2,250  psi 
Zt  6,362  in3 
Cond. IV 
Mmax  7,445,544  lbf‐in 
kt  ‐5.51  in 
ts  ‐424  psi 
Zb  3,028  in3 
 
By substituting the numerical values of table 4-10 on the corresponding inequalities, the following 
equations are obtained: 
 1/Fi ≥ (eo - 11.57)/(5,419,962) 
 (4‐18) 
 
 1/Fi ≥ (eo + 5.51)/( 11,478,744) (4‐19) 
 
 1/Fi ≤ 0.83[(eo - 11.57)/( ‐6,869,856)] 
 (4‐20) 
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1/Fi ≤ 0.83[(eo + 5.51)/( 6,161,672)] (4‐21) 
 
Equations 4-18 through 4-21 are plotted and a shaded area with the feasibility region is shown on 
figure 4-5. Additionally to these conditions, prestressed concrete beams have a practical c.g.s. 
This c.g.s. is usually governed by the required clear cover on bottom and top or the required 
drape to control initial/ultimate stresses and serviceability conditions. For simplicity, and because 
the stresses are being evaluated by the inequalities, is only necessary to plot the practical c.g.s. 
based on clear cover (eo mb). Once all the inequalities are plotted and the feasibility region has 
been determined, the required prestressing force for each eccentricity can be found. The 
objective is to reduce the amount of prestressing force and find an economical or optimum value 
for this particular case. Therefore, the maximum value of the horizontal axis must be chosen in 
order to minimize Fi. However, assuming that each strand can be stressed to produce a 
prestressing force of 23 kip, the minimum value of Fi obtained from the graphical method will 
almost never be a practical solution. The number of strands  must be integers and by inspecting 
figure 4-5 and its solution of 263,157 lbs, it is clear that the required number of strands of 
263157/23000 =11.44 cannot be used. Instead, the next integer will become the optimum and 
practical solution increasing inevitably the prestressing force to 12(23) = 276 kip. As a conclusion, 
it can be said that the optimum amount of prestressing force at mid span is 276 kip using 12 
strands at 23 kip each. The required eccentricity is 23". 
Although strands may be under-stressed to produce the exact required prestressing force Fi, it is 
better to keep a standard at site of construction/production to reduce the probability of errors 
when stressing. Additionally, by standardizing the prestressing force of all tendons simplicity, 
which is always desirable, is achieved.  
This last procedure must be done at several sections to determine if the amount of prestressing 
force is adequate for the whole length of the beam. In the case of continuous beams, the number 
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of section to analyze is incremented and the graphical method does not offer an efficient way to 
design PC beams.  
 
Figure 4-5 Feasibility Domain at Mid-Span 
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4.2.5. Using the Feasibility Domain to Optimize the Prestressing Force - a Discrete 
Numerical Approach. 
 It has been noted on section 4.2.4, that the optimum value of prestressing force for a PC 
beam may be any positive real number. However, the designer must provide an integer number 
when reporting the number of strands required for a particular beam. Strands are usually stressed 
at their maximum capacity which is usually around 180 ksi [1]. Although overstressing is 
permitted in some cases when losses are a concern, a value of stress of 180 ksi is typically used. 
If a 1/2" diameter strand is used, the force per tendon will be the area of a strand times the stress: 
 Area x Stress = Force per strand  (4‐22) 
 
0.153 in2 x 180 ksi = 27.54 kip/strand 
By knowing the amount of prestressing force per strand, a discrete approach can be followed in 
order to determine the optimum amount of strands. Instead of trying to find a prestressing force 
by using the graphical method, an integer number of strands can be found by trial and error. A 
computer code can find the necessary amount of strands by trying "n = n + 1" strands each loop 
and starting with n=0 while checking the appropriate inequality conditions from table 4-3aa and 4-
4. The prestressing force used per loop will be 27.54kip times 'n'. Figure 4-6 shows a flow 
diagram that illustrates this approach. The procedure from figure 4-6 must be done for several 
sections along the beam length. It is possible that each section will require different amount of 
strands compared to other sections of the beam. Clearly, different quantities of strands cannot be 
used on the same span of the beam. Therefore, it will be essential to choose the maximum 
number of strands found by the algorithm on figure 4-6 and check if this amount of prestressing 
and its eccentricity complies with the requirements of the code. Additionally, every PC beam has 
a limit about the maximum amount of strands that it can hold inside. Limitations due to space, 
clear cover and distance between one strand and another forces the designer to increase the size 
of the beam in case strands do not fit inside the beam. Therefore, a maximum amount of strands 
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(Nmax) per section must be included as shown on table 3-2. If "n" on figure 4-6 exceeds Nmax, a 
change of cross section must be made by the designer. 
START
Input Data
n =1
Fi = n x fi x As
M > 0
Inequalities from 
table 4‐3 ok?
yes
Inequalities from 
table 4‐4 ok?
No
Print “n”
yes yes
n = n + 1
No
n = n + 1
No
End
 
Figure 4-6 Flowchart to Determine the Amount of Strands for One Section of a Beam 
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CHAPTER 5 -  COMPUTER PROGRAM TO OPTIMIZE PRESTRESSING FORCE 
 
 On previous chapters, the necessity of a computer program that can analyze several 
sections of a simply supported or continuous beam effectively, has been demonstrated. 
Therefore, a computer program that is able to optimize the prestressing force of a continuous 
beam has been written on Visual Basic.  
5.1.  Overview of the Program 
 The program is called PF-Beam 1.0 (Prestressing Force - Beam, Version 1.0), and its 
purpose is to optimize the prestressing force of an AASHTO PC bridge girder. PF-Beam must be 
installed on a Microsoft Windows 7 through 10 versions. Additionally, it is required to have a word 
processor such as Microsoft Windows Notepad to create an external file which will contain the 
structural analysis bending moments and eccentricity of strands data. The user may use any 
other word processor that can create files with "txt" extension. 
5.2.  Building Codes and Standards Used 
 The user is not required to enter a building code in particular. Moreover, calculations 
made the program are not based on a standard and can be used to analyze any type of beam. 
However, section properties are limited to AASHTO type girders on version 1.0 of PF-Beam.  
5.3.  Methods Used by the Program 
 The program uses linear programming to find a solution to the multiple inequalities shown 
on table 4-3a and 4-4a. It also implements the algorithm described on section 4.2.5 to determine 
the optimum amount of strands required for a particular beam.  
5.4.  Input Variables and Interface 
 The program has been divided into 6 different tabs. Each tab is described on sections 
5.4.1 through 5.4.6.  
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5.4.1. General Information Tab 
 The general information tab collects the basic information about the project. Figure 5.1 
shows this dialog box. Units are only available in imperial units for version 1.0 of PF-Beam. 
Eccentricities may be also calculated as some studies have proposed a method to determine and 
optimize the eccentricity [20]. This option is not available on version 1.0 of PF-Beam and goes 
beyond the scope of this study. Therefore, the user must enter the eccentricity to be used. 
The user is asked to enter the following data: 
i. Project: a name for the project to be analyzed. This may name may be any name that 
does not contain special characters reserved by the operating system. 
ii. Engineer: the user must enter a valid name. Special characters are not allowed. 
iii. Beam: a number, letter or a combination of them to identify the beam to be analyzed. 
iv. Units: version 1.0 of PF-Beam only supports English units. This option may be improved 
in future studies. 
v. Eccentricity: as stated previously, only the option "Given by User" is available on version 
1.0. Future versions may add a subroutines/procedure that can provide the optimum 
coordinates for the strands so that the user can have an idea of the strand's path. 
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Figure 5-1 General information tab. 
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5.4.2. Materials and Section Tab 
The Materials and Section Tab collects the following information: 
i. Strength, f'c: beam's compressive strength of concrete cylinder at 28 days in ksi. 
ii. Strength, f'ci: beam's initial compressive strength of concrete at transfer of prestressing in 
ksi. 
iii. Strength, f'pu: ultimate tensile strength of prestressing steel in ksi. 
iv. Strength, f'pi: initial stress in the prestressing steel in ksi. 
v. Strength, f'pe: effective stress in the prestressing steel in ksi. 
vi. Beam Type: the user may choose an AASHTO section. Section types have been 
numbered from 1 to 9. See table 3-2 for the corresponding cross sectional properties of 
each type. 
vii. Strand Diameter: 2 diameters can be chosen, 0.5" and 0.6". 
viii. Effective length of slab, Be: codes and standards such as ACI 318 and AASHTO LRFD, 
requires to calculate an effective length of the slab. The portion of the concrete within this 
length will be used as part of the composite section. 
ix. Width of the slab hf: the structural height of the concrete deck in inches. 
x. Strength, f'c of slab: slab's compressive strength of concrete cylinder at 28 days in ksi. 
xi. Ec-slab/Ec-beam: modular ratio between the concrete slab and beam. Most literature 
uses the letter "n" for the modular ratio. 
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Figure 5-2 Materials and Section Tab 
 
5.4.3. Loads Tab 
On this tab the user must specify the file location and name that contains the structural analysis 
data and strands' eccentricity data. Once the user has given the location, the "Load data" button 
must be clicked to proceed. After loading the data, the program will show the number of spans to 
be analyzed. The file must be typed in a strict format so that the program may collect the 
information properly. Figure 5-4 shows the format to be used when analyzing a beam with one 
span. If a 3 span beam is to be analyzed, figure 5-5 shows an example of the format to be used. 
Finally, figure 5-6 shows a general file format.  
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Figure 5-3 Loads Tab 
 
 
Figure 5-4 External File Format for a Beam with 1 Span. 
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Figure 5-5 External File Format for a 3 Span Beam 
 
Figure 5-6 General File Format 
Refer to figure 5-6. The first line of the file must contain the number of spans that the beam has. 
Second line of the file is reserved to the minimum bending moment. This minimum moment is 
usually the one produced by the self-weight of the beam. On figure 5-6, "Mmin0" on second line 
represents the minimum bending moment at start of span #1, while "Mmin10" represents the 
minimum moment at end of the same span. Moreover, Mmin1 is the bending moment at 1/10th of 
the length, Mmin2 at 2/10th, Mmin3 at 3/10th, etc. Third line of the file format contains the 
maximum bending moment. These maximum values are usually the moments produced at 
service state of the structure. Similarly to the minimum moments, Mmax0 and Mmax10 represent 
the bending at start and end of span 1 respectively. Fourth line of figure 5-6 will provide the 
eccentricity of the strands from start to the end of each span by using 1/10th increments of the 
length. Lines 2 through 4 must be repeated with the appropriate and corresponding values per 
each span of beam. Figure 5-7, 5-8 and 5-9 illustrates a 2 span beam with its values of minimum, 
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maximum bending moment and eccentricities respectively. Figure 5-10 illustrates the file format 
for this particular case. 
 
Figure 5-7 Minimum Bending Moments for a 2 Span Beam 
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Figure 5-8 Maximum Bending Moments for a 2 Span Beam 
 
Figure 5-9 Eccentricities for a 2 Span Beam 
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Figure 5-10 File Format for a 2 Span Beam 
 
5.4.4. Stresses Tab 
 The stresses tab collects the following data: 
i. ti: allowable initial tensile stress in the concrete expressed as a fraction of √f'ci. 
ii. ci: allowable initial compressive stress in the concrete expressed as a fraction of f'ci. 
iii. ts: allowable service tensile stress in the concrete expressed as a fraction of √f'c. 
iv. cs: allowable service compressive stress in the concrete expressed as a fraction of f'c. 
 
Figure 5-11 Stresses Tab 
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5.4.5. Run Tab 
The run tab enables the user to run all the data by clicking  the "Run" button. No further 
information is required. As the program runs, messages showing the progress of the reading, 
processing and output will be displayed. 
 
Figure 5-12 Run Tab 
5.4.6. Reports Tab 
 The reports tab prints the minimum required amount of prestressing steel (number of 
strands), per span. It also alerts the user if the maximum amount of strands (Nmax) is exceeded by 
showing a zero value for that particular section, or if the combination of eccentricity and 
prestressing could not meet the requirements specified by the user, the program will show a zero 
value as well. 
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Figure 5-13 Reports Tab 
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CHAPTER 6 -   VALIDATION OF THE PROGRAM 
 The following examples will analyze different case scenarios to validate the program. 
Example #1 has been adapted from reference [1]. A simply supported bridge beam with a 80ft 
span will be analyzed. For this example, an AASHTO type IV girder will be used. A comparison 
between the results given by the author of the example and the results produced by PFbeam 1.0 
will be shown at the end. Example #2 studies an AASHTO type III girder on a two span bridge. In 
this example, a hand calculation is performed. Results found by alternative calculation in several 
sections of the beam are compared with the output of the program. Finally, a 3 span beam is 
investigated. Similarly to example #2, graphical methods will be applied in order to check the 
results given by PFbeam 1.0. 
 
6.1.  Example #1: Simple Supported Beam 
 A simply supported bridge beam with an 80ft span will be analyzed. For this example, an 
AASHTO type IV girder will be used. It is known that the spacing between girders is to be 6.75ft. 
Other relevant data is shown on table 6.1.  
Table 6-1 Example #1 Data 
Parameter Value 
Beam’s f’c 7000 psi 
Beam’s f’ci 5000 psi 
Fpu 270 ksi 
Fpi 180 ksi 
Fpe 150 ksi 
Beam’s Ec 5072 ksi 
Slab’s Ec 4287 ksi 
Strand area: 0.153 in2 
ci 0.60f’ci 
ts 0.0948√f’c 
cs 0.45f’c 
ti 0.22√f’ci 
Be 81in 
hf 8in 
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Table 6-2 Results for Example #1 
Location  Number of strands  Comments 
Midspan  From Reference [1]: 28 strands 
From Program: 28 
No difference 
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CHAPTER 7 -  CONCLUSIONS AND RESULTS 
 
 The program (PFbeam 1.0) provides the designer the minimum amount of strands 
required at every 10th of the beam. It is responsibility of the user to determine an 
adequate profile and cut sections for the strands. 
 Eccentricities of the strands have a great impact in the capacity of the beam. Several test 
using PFbeam show that the amount of prestressing is affected considerably by changes 
in the profile of the tendons. 
 Although the program calculates up to a maximum amount of one hundred strands, the 
user must be aware that in some cases, the beam will not be able to accommodate such 
amount of strands. 
 The amount of strands given by the program must be used as guide and not as final 
design. The user must check other requirements such as cracking, serviceability and 
ultimate design. 
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CHAPTER 8 -  RECOMMENDATIONS FOR FUTURE INVESTIGATIONS 
 
 A module that creates the required bending moments to analyze the structure may be 
added to the code.  
 Future investigations may create a tool that can provide a viable eccentricity. 
 The program can be modified to be capable of analyzing user-defined sections instead of 
standard AASHTO girders only. 
 When the program does not find a solution within the feasibility domain in a particular 
section, it reports a value of zero strands. Future investigations may add a code that 
provides a standard cross section that complies with the requirements of the code. 
 Ultimate design and check has not been included in this first version of the program. 
Future investigations may produce a code that can check the structure for ultimate state 
as well as serviceability. 
  Losses are assumed to be constant along the strand. The effective force is given by the 
user. A code that can determine the effect of different tendon parabolas can be added to 
the program in order to investigate how the excessive curvature of the strands path 
changes the effective prestressing. 
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APPENDIX A 
PROGRAM ALGORITHM 
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Public Class PFBeam 
    Dim matrix(1, 1) As Double 
    Dim M(1, 1) As Double 
    Dim N_opt(1, 11) As Integer 
    Dim Conp(1, 11) As Double 
    Dim Conn(1, 11) As Double 
 
    Dim Number_Span As Double 
    Dim Fc, Fci, Fpu, Fpi, Fpe As Double 
    Dim ti, ci, ts, cs As Double 
    Dim be, hf, fcs, ns As Double 
 
    Dim Ac, lg, Yt, Yb As Double 
    Dim Nmax As Integer 
 
    Dim Zt, Zb, r2, Kt, Kb, h, n, Sti, Sci, Sts, Scs, Asp, btr, Acc, AL, Ybc, hc, 
Ytc, Y1tc, lgc, Ztc, Zbc, Z1tc 
 
    Private Sub Label40_Click(sender As Object, e As EventArgs) Handles 
Label40.Click 
 
    End Sub 
 
    Private Sub Label39_Click(sender As Object, e As EventArgs) Handles 
Label39.Click 
 
    End Sub 
 
    Private Sub Label24_Click(sender As Object, e As EventArgs) Handles 
Label24.Click 
 
    End Sub 
 
    Private Sub PFBeam_Load(sender As Object, e As EventArgs) Handles MyBase.Load 
 
    End Sub 
 
    Private Sub Materials_Click(sender As Object, e As EventArgs) Handles 
Materials.Click 
 
    End Sub 
 
    Private Sub Label17_Click(sender As Object, e As EventArgs) Handles 
Label17.Click 
 
    End Sub 
 
    Private Sub BrowseBtn_Click(sender As Object, e As EventArgs) Handles 
BrowseBtn.Click 
        OpenFileToLoadData.FileName = txtFiletoLoad.Text 
        If OpenFileToLoadData.ShowDialog() = DialogResult.OK Then 
            txtFiletoLoad.Text = OpenFileToLoadData.FileName 
        End If 
    End Sub 
 
    Private Sub runBt_Click(sender As Object, e As EventArgs) Handles runBt.Click 
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        If ValidateInput(1) = True Then 
 
 
            If ValidateInput(3) = True Then 
                AssignData() 
                FillMatrix() 
            Else 
                MyTabs.SelectedTab = MyTabs.TabPages(3) 
            End If 
        Else 
            MyTabs.SelectedTab = MyTabs.TabPages(1) 
        End If 
 
 
 
    End Sub 
 
 
    Private Function LlenarMatrix_M() 
 
        Return False 
 
    End Function 
    Private Function FillMatrix() 
 
        'Matrix M 
        ReDim M(Number_Span * 2, 11) 
        ReDim N_opt(Number_Span, 11) 
        ReDim Conp(Number_Span * 5, 11) 
        ReDim Conn(Number_Span * 4, 11) 
        Dim a = 1, b = 2, c = 0, d = 0, f = 0, g = 0, h = 0, t = 0 
        For i = 1 To (2 * Number_Span) 
            For j = 1 To 11 
                M(i, j) = matrix(a, j) + matrix(b, j) 
                'MessageBox.Show(M(i, j)) 
            Next 
            a = a + 2 
            b = b + 2 
        Next 
        result.Text = "READING DATA" & vbCrLf & vbCrLf 
        For i = 1 To (Number_Span * 2) 
            For j = 1 To 11 
                result.Text = result.Text & M(i, j) & "  " 
            Next 
            result.Text = result.Text & vbCrLf 
        Next 
        'End matrix M 
 
        'Matrix N_opt 
        result.Text = result.Text & vbCrLf & "PREPARING DATA" & vbCrLf & vbCrLf 
 
        For i = 1 To (Number_Span) 
            For j = 1 To 11 
                N_opt(i, j) = 0 
            Next 
        Next 
        For i = 1 To (Number_Span) 
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            For j = 1 To 11 
                result.Text = result.Text & N_opt(i, j) & "  " 
            Next 
            result.Text = result.Text & vbCrLf 
        Next 
        'End Matrix N_opt 
 
        'Matrix ConP 
        result.Text = result.Text & vbCrLf & "VALIDATING DATA" & vbCrLf & vbCrLf 
        a = 1 
        b = 1 
        c = 5 
        d = 2 
        f = 1 
        g = 3 
        h = 5 
        t = 2 
        For i = 1 To (Number_Span) 
            For l = 1 To 11 
 
                'MessageBox.Show("Matrix(b,l): " & matrix(b, l) & " Sti: " & Sti & 
" Zt: " & Zt & " Matrix(c,l)" & matrix(c, l) & " Kb: " & Kb) 
                'MessageBox.Show("(matrix(b, l) ‐ Sti * Zt) / (matrix(c, l) ‐ Kb): 
" & (matrix(b, l) ‐ Sti * Zt) / (matrix(c, l) ‐ Kb)) 
                Conp(a, l) = Decimal.Round((matrix(b, l) ‐ Sti * Zt) / (matrix(c, 
l) ‐ Kb), 3) 
                Conp(g, l) = Decimal.Round((M(f, l) + (M(d, l) * Zt / Ztc ‐ Scs * 
Zt)), 3) 
 
            Next 
 
            a = a + 1 
            g = g + 1 
            For k = 0 To 11 
                Conp(a, k) = Decimal.Round((matrix(b, k) + Sci * Zb) / (matrix(c, 
k) ‐ Kt), 3) 
                Conp(g, k) = Decimal.Round((matrix(f, k) + M(d, k) * Zt / Zbc + 
Sts * Zb), 3) 
            Next 
            a = a + 4 
            b = b + 4 
            c = c + 1 
            d = d + 2 
            f = f + 2 
            g = g + 4 
        Next 
 
        For i = 1 To (Number_Span) 
            For j = 1 To 11 
                result.Text = result.Text & Conp(i, j) & "  " 
            Next 
            result.Text = result.Text & vbCrLf 
        Next 
        'End Matrix Conp 
 
        'Matrix Conn 
        result.Text = result.Text & vbCrLf & "DATA READY" & vbCrLf & vbCrLf 
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        a = 1 
        b = 1 
        c = 5 
        d = 2 
        f = 1 
        g = 3 
        h = 5 
        t = 2 
 
        For i = 1 To Number_Span 
            For l = 1 To 11 
                Conn(a, l) = Decimal.Round((matrix(b, l) ‐ Sci * Zt) / (matrix(c, 
l) ‐ Kb), 3) 
                ' Conn(g, l) = (M(f, l) + M(d, l) * Zt / Z1tc ‐ Sts * Zt) / 
(matrix(c, l) ‐ Kb) 
 
 
            Next 
            a = a = +1 
            g = g + 1 
 
            For k = 1 To 11 
                Conn(a, k) = (matrix(b, k) + Sti * Zb) / (matrix(c, k) ‐ Kt) 
                'Conn(g, k) = (matrix(f, k) + M(d, k) * Zt / Z1tc ‐ Scs * Zb) / 
(matrix(c, k) ‐ Kt) 
 
            Next 
            a = a + 4 
            b = b + 4 
            c = c + 1 
            d = d + 2 
            f = f + 2 
            g = g + 4 
        Next 
 
        For i = 1 To (Number_Span) 
            For j = 1 To 11 
                result.Text = result.Text & Conn(i, j) & "  " 
            Next 
            result.Text = result.Text & vbCrLf 
        Next 
        'End Matrix Conn 
 
        Return True 
 
    End Function 
 
    Private Sub CloseBtn_Click(sender As Object, e As EventArgs) Handles 
CloseBtn.Click 
        Close() 
    End Sub 
 
    Private Sub NextBtn_Click(sender As Object, e As EventArgs) Handles 
NextBtn.Click 
        If (MyTabs.SelectedTab.TabIndex < 5) Then 
            If (MyTabs.SelectedTab.TabIndex = 1) Then 
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                If ValidateInput(1) = False Then 
 
                Else 
                    MyTabs.SelectedTab = 
MyTabs.TabPages(MyTabs.SelectedTab.TabIndex + 1) 
                End If 
 
            ElseIf (MyTabs.SelectedTab.TabIndex = 3) Then 
 
                If ValidateInput(3) = False Then 
 
                Else 
                    MyTabs.SelectedTab = 
MyTabs.TabPages(MyTabs.SelectedTab.TabIndex + 1) 
                End If 
 
            Else 
                MyTabs.SelectedTab = MyTabs.TabPages(MyTabs.SelectedTab.TabIndex + 
1) 
            End If 
 
        End If 
    End Sub 
 
    Private Function ShowError(name) 
        MessageBox.Show("PLEASE ENTER A VALUE: " & name) 
        Return True 
    End Function 
 
    Private Function ValidateInput(tab) 
        If tab = 1 Then 
 
            If Fc_input.Text.Equals("") Then 
                ShowError("Fc") 
                Fc_input.Focus() 
                Return False 
            End If 
 
            If Fci_input.Text.Equals("") Then 
                ShowError("Fci") 
                Fci_input.Focus() 
                Return False 
            End If 
 
            If Fpu_input.Text.Equals("") Then 
                ShowError("Fpu") 
                Fpu_input.Focus() 
                Return False 
            End If 
 
            If Fpi_input.Text.Equals("") Then 
                ShowError("Fpi") 
                Fpi_input.Focus() 
                Return False 
            End If 
 
            If Fpe_input.Text.Equals("") Then 
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                ShowError("Fpe") 
                Fpe_input.Focus() 
                Return False 
            End If 
            ' 
            If Beam_type.Text.Equals("") Then 
                ShowError("Beam Type") 
                Beam_type.Focus() 
                Return False 
            End If 
 
            If Strand_diam.Text.Equals("") Then 
                ShowError("Strand Diameter") 
                Return False 
            End If 
 
            If be_input.Text.Equals("") Then 
                ShowError("Be") 
                be_input.Focus() 
                Return False 
            End If 
 
            If hf_input.Text.Equals("") Then 
                ShowError("Hf") 
                hf_input.Focus() 
                Return False 
            End If 
 
            If Fcs_input.Text.Equals("") Then 
                ShowError("Fcs") 
                Fcs_input.Focus() 
                Return False 
            End If 
 
            If ns_input.Text.Equals("") Then 
                ShowError("Ns") 
                ns_input.Focus() 
                Return False 
            End If 
 
            Return True 
 
        ElseIf tab = 3 
 
            If ti_input.Text.Equals("") Then 
                ShowError("Ti") 
                ti_input.Focus() 
                Return False 
            End If 
 
            If ci_input.Text.Equals("") Then 
                ShowError("Ci") 
                ci_input.Focus() 
                Return False 
            End If 
 
            If ts_input.Text.Equals("") Then 
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                ShowError("Ts") 
                ts_input.Focus() 
                Return False 
            End If 
 
            If cs_input.Text.Equals("") Then 
                ShowError("Cs") 
                cs_input.Focus() 
                Return False 
            End If 
 
            Return True 
 
        End If 
 
        Return False 
 
    End Function 
 
    Private Function AssignData() 
        If Beam_type.Text = 1 Then 
            Ac = 276 
            lg = 2275 
            Yt = 15.41 
            Yb = 12.59 
            Nmax = 100 
        ElseIf Beam_type.Text = 2 
            Ac = 369 
            lg = 50980 
            Yt = 20.17 
            Yb = 15.83 
            Nmax = 100 
        ElseIf Beam_type.Text = 3 
            Ac = 560 
            lg = 50980 
            Yt = 20.17 
            Yb = 15.83 
            Nmax = 100 
        ElseIf Beam_type.Text = 4 
            Ac = 789 
            lg = 260730 
            Yt = 29.27 
            Yb = 24.73 
            Nmax = 100 
        ElseIf Beam_type.Text = 5 
            Ac = 1013 
            lg = 521180 
            Yt = 31.04 
            Yb = 31.96 
            Nmax = 100 
        ElseIf Beam_type.Text = 6 
            Ac = 1085 
            lg = 733320 
            Yt = 35.62 
            Yb = 36.38 
            Nmax = 100 
        ElseIf Beam_type.Text = 7 
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            Ac = 659 
            lg = 268077 
            Yt = 26.37 
            Yb = 27.63 
            Nmax = 100 
        ElseIf Beam_type.Text = 8 
            Ac = 713 
            lg = 392638 
            Yt = 30.88 
            Yb = 32.12 
            Nmax = 100 
        ElseIf Beam_type.Text = 9 
            Ac = 767 
            lg = 545894 
            Yt = 35.4 
            Yb = 36.6 
            Nmax = 100 
        End If 
 
        Fpe = Fpe_input.Text 
        Fpi = Fpi_input.Text 
        Fci = Fci_input.Text 
        Fc = Fc_input.Text 
        Fpu = Fpu_input.Text 
 
        ti = ti_input.Text 
        ci = ci_input.Text 
        ts = ts_input.Text 
        cs = cs_input.Text 
 
        be = be_input.Text 
        hf = hf_input.Text 
        fcs = Fcs_input.Text 
        ns = ns_input.Text 
 
 
 
        Zt = lg / Yt 
        Zb = lg / Yb 
        r2 = lg / Ac 
        Kt = r2 / Yb 
        Kb = ‐r2 / Yt 
        h = Yt + Yb 
        n = Fpe / Fpi 
        Sti = ti * Math.Sqrt(Fc) 
        Sci = ci * Fci 
 
        If Strand_diam.Text = 0.5 Then 
            Asp = 0.153 
        Else 
            Asp = 0.217 
        End If 
 
        btr = ns * be 
        AL = btr * hf 
        Acc = Ac + AL 
        Ybc = ((Ac * Yb) + AL * ((h + hf) / 2)) / Acc 
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        hc = h + hf 
        Ytc = h + hf ‐ Ybc 
        Y1tc = h ‐ Ybc 
        lgc = lg + (1 / 12) * (btr) * (hf) ^ 3 + (Ac) * (Ybc ‐ Yb) ^ 2 + (AL) * 
(Ytc ‐ hf / 2) ^ 2 
        Ztc = lgc / Ytc 
        Zbc = lgc / Ybc 
        Z1tc = lgc / Y1tc 
 
        Return True 
 
    End Function 
 
 
    Private Sub PrevBtn_Click(sender As Object, e As EventArgs) Handles 
PrevBtn.Click 
        'txtProjectName.Text = MyTabs.SelectedTab.TabIndex 
        'Fc.Text = MyTabs.SelectedTab.TabIndex 
        If (MyTabs.SelectedTab.TabIndex > 0) Then 
            MyTabs.SelectedTab = MyTabs.TabPages(MyTabs.SelectedTab.TabIndex ‐ 1) 
        End If 
 
    End Sub 
 
    Private Sub ReadBtn_Click(sender As Object, e As EventArgs) Handles 
ReadBtn.Click 
        Dim FILE_NAME As String = txtFiletoLoad.Text 
        Dim TextLine As String 
        If System.IO.File.Exists(FILE_NAME) = True Then 
            Dim objReader As New System.IO.StreamReader(FILE_NAME) 
            Dim Line As Integer = 0 
            Dim No_Spans As Integer 
            Dim No_rows As Integer 
            Dim CurrentRow As Integer = 1 
            Do While objReader.Peek() <> ‐1 
                If (Line = 0) Then 
                    No_Spans = objReader.ReadLine() & vbNewLine 
                    No_rows = No_Spans * 5 
                    Number_Span = No_Spans 
                    ReDim matrix(No_rows, 11) 
                    Label_no_Spans.Text = No_Spans 
                End If 
 
 
 
                TextLine = objReader.ReadLine() & vbNewLine 
                Dim Chain() As String = Split(TextLine, ",") 
                Dim i 
                For i = 0 To UBound(Chain) 
                    matrix(CurrentRow, i + 1) = Chain(i) 
                Next 
                CurrentRow = CurrentRow + 1 
 
                Line = Line + 1 
            Loop 
 
            For i = 1 To No_rows 
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                For j = 1 To 11 
                    txtFromFile.Text = txtFromFile.Text & matrix(i, j) & "  " 
                Next 
                txtFromFile.Text = txtFromFile.Text & vbCrLf 
            Next 
 
        Else 
 
            MessageBox.Show("File Does Not Exist") 
 
        End If 
    End Sub 
 
    Private Sub Label32_Click(sender As Object, e As EventArgs) Handles 
Label32.Click 
 
    End Sub 
 
    Private Sub Label30_Click(sender As Object, e As EventArgs) Handles 
Label30.Click 
 
    End Sub 
End Class 
 
 
 
 
